The adipose cell maintains a central role in the regulation of lipid metabolism (Galton, 1971) . It contains the largest store of triglyceride and cholesterol in the body; it is the only source of plasma fatty acids, a major oxidative fuel, particularly in the fasting state, and it is the major site of clearance of chylomicrons and very-low-density lipoprotein (VLDL) in the fed state. The importance of the tissue for fuel metabolism is observed in conditions of generalized lipodystrophy (total atrophy of adipose tissue) where a severe hyperlipidaemia develops often with glucose intolerance (Schwartz et al. 1960) .
The metabolic pathways of the cell are regulated by a variety of agents including hormones, apolipoproteins and metabolites (Fig. I) . It is convenient to consider this in terms of the regulation of substrate utilization by the cell, then to consider the substrate output from the cell.
Substrate utilization
The major substrates entering the adipose cell are glucose and triglyceride-fatty acids derived from the breakdown of chylomicrons or VLDL. The removal of cholesterol-rich lipoproteins from plasma may also be an important function of adipose tissue since high-affinity LDL-receptors have been detected on the adipocyte membrane.
Glucose. The uptake of glucose by adipose tissue is probably quantitatively unimportant compared to the uptake by muscle, heart or liver. If one considers a 70 kg man of whom 30 kg may be muscle and 10 kg adipose tissue, then of a IOO g oral glucose load, only approximately 10 g enters adipose tissue. The entry of glucose is regulated by insulin at low plasma concentrations of glucose, but at high plasma levels intracellular phosphorylation of glucose by glycolytic enzymes may become rate-determining.
Although glucose uptake by adipose tissue is small, it may be an important regulator of an intracellular substrate cycle-the glyceride-fatty acid cycle (Galton & Betteridge, 1977) . The components of this cycle are shown in Fig. 2 . The features are a continuous flux of triglyceride hydrolysis to fatty acids and then re-esterification of fatty acids with glycerol phosphate derived from glucose. The operation of the substrate cycle requires hydrolysis of ATP and is energetically wasteful. However, it provides for short-term regulation of glucose and fatty acid metabolism by the tissue. Thus, in the fed state (high plasma glucose and insulin) the left arm of the cycle is active and reduces the release of fatty acids from adipose tissue thereby conserving fatty acids. In the fasted state plasma glucose and insulin are low, the left-hand side of the cycle becomes less active and release of fatty acids from the tissue is increased. Thus, glucose and fatty acids are linked reciprocally by the activity of this substrate cycle, independently of hormonal controls, and this provides for the changes in fuel economy between fed and fasted states. Insulin, apart from regulating the entry of glucose into cells, may also have direct effects on the regulation of intracellular enzymes involved in glucose metabolism (Denton et al. 1977) . Our laboratory has been recently studying the activity of pyruvate kinase in human adipocytes (Stansbie et al. 1982) . This enzyme is present in high activities and appears to be under acute regulation by insulin (Fig. 3) . This may involve phosphorylation-dephosphorylation reactions converting a high K, to a low K , form of the enzyme by analogy with pyruvate kinase in the liver (Denton & Halestrap, 1979) . If fasted human subjects are given intravenous infusions of glucose (and insulin) it is possible to detect changes in the K,,, of pyruvate kinase after 30 min. The mechanism of insulin action on the interconversion of pyruvate kinase, and other key regulatory enzymes such as hexokinase and phosphofructokinase in adipose tissue requires further study and may help to clarify the cause of various insulin-resistant states occurring in adult diabetics.
Triglyceride-rich lzpoproteins. Adipose tissue is the major site of uptake of chylomicrons and VLDL in the fed state (Robinson, 1970 Short-term control. Apolipoprotein C-I1 (apo C-11) contains a single polypeptide of seventy-eight amino acids, with a molecular weight of 8837 daltons. It is an obligatory activator for lipoprotein lipase from various sources including human and rat post-heparin plasma, cow's milk and human adipose tissue. The peptide stimulates enzyme activity by ten-to twenty-fold over a concentration range of 1-5 pg/ml. Apo C-I1 may be an allosteric modifier of lipoprotein lipase, although the possibility of direct facilitation of enzyme-substrate binding by the peptide has not been excluded (Schaefer et al. 1978) . Several patients and kindreds have been reported with inherited or acquired deficiencies of apo C-I1 peptide (Breckenridge et al. 1978; Reckless et al. 1979) . They survive well into middle-age and present with a phenotype resembling a type V hyperlipidaemia. Lipoprotein lipase activities in adipose tissue are normal, but the enzyme cannot be stimulated by VLDL derived from the patient, although it can be stimulated by control VLDL. Infusion of apo C-I1 peptide into such patients (as fresh frozen plasma) reverses the hyperlipidaemia for a short time.
Apolipoprotein C-I11 (apo C-111) is the most abundant of the apo C-proteins in triglyceride rich lipoproteins. It is a seventy-nine residue polypeptide (molecular weight 8764 daltons) occurring in three isomorphic forms depending on the number of sialic residues attached to threonine-74 (Rifkind & Levy, 1977) . The sialylated forms of this peptide (apo C-111-2) may interfere with enzyme-substrate binding and impair lipoprotein catabolism. Thus several patients have been observed with severe hypertriglyceridaemia whose triglyceride-rich lipoproteins contain an excessive amount of apo C-111-2 . Although this lipoprotein activates lipoprotein lipase, normally it acts as a less efficient substrate for the enzyme in vitro. Limited incubation of the variant lipoprotein with neuraminidase caused a partial loss of sialic acid from the apo C-111-2 peptides and resulted in a triglyceride-rich lipoprotein displaying normal substrate interaction with lipoprotein lipase. The extent of sialylation of the apo C-I11 peptides carried on triglyceride-rich lipoproteins may be critical for their interaction with lipoprotein lipase and affect the clearance rate from plasma (Holdsworth et al. 1982) .
Long-term control. The long-term regulation of lipoprotein lipase involves induction/repression mechanisms by insulin and possibly other hormones such as cortisol. When adipose tissue or 3T3 adipocytes (an adipocyte precursor) is incubated with insulin there is a dose-dependent rise in activity of lipoprotein lipase which can be blocked by transcriptional inhibitors such as actinomycin D or a-amanitine; or enzyme production can be impaired by translational inhibitors such as cycloheximide or puromycin (Spooner et al. 1979) . In clinical states associated with severe insulin deficiency, such as insulin-deficient diabetes very low activities of lipoprotein lipase are detectable in human adipose tissue and the 1 7 1 patients are often hypertriglyceridaemic. Administration of insulin increases the activity of lipoprotein lipase in adipose tissue of insulin-resistant diabetics and there is a concurrent fall in levels of plasma triglycerides (Taylor et al. 1979) . It is also possible that the insulin deficiency in starvation is responsible for the diversion of lipoprotein-triglyceride away from adipose tissue, due to a fall in activity of lipoprotein lipase. Other tissues, such as muscle, become more important sites for the uptake of plasma triglycerides, and then use glyceride-fatty acids as a major oxidative fuel.
Cholesterol rich lzpoproteins. It has recently become apparent that adipose tissue may be an important site for LDL uptake from the blood stream. The tissue contains a large store of cholesterol, and since rates of sterol synthesis are small the source may derive from circulating LDL. Isolated human adipose cells contain a high-affinity receptor which can bind to LDL and stimulate endocytosis by the cell degrading the LDL to free cholesterol (for storage) and amino acids (Angel et al. 1979) . Furthermore, if swine LDL is tagged with ['4C]sucrose and injected intravenously into normal pigs the differential organ content for 14C can be analysed at 24 or 48 h, to determine the major sites of uptake. About 35% of LDL catabolism can be accounted for by extrahepatic tissues of which adipose tissue accounts for about 20%, muscle 1270, lung 1170, small intestine 25% and skin 9% (Steinberg et al. 1980) . Since the entry of LDL into adipose tissue is mediated by a high-affinity receptor, perhaps analogous to the fibroblast receptor, regulation at this level may play an important role in LDL homoeostasis if approximately 2070 of LDL is degraded by the adipose organ.
Substrate e f l u x Fatty acids and glycerol. Lipolysis is the major pathway for the release of glycerol and fatty acids from adipose tissue. The basic components of this pathway are shown in Fig. 4 . Triglyceride lipase is the rate determining enzyme under control by an enzyme cascade involving adenylate cyclase, phosphodiesterase and a protein kinase. The enzyme cascade is regulated by a variety of hormones of which catecholamines have been the most studied. Beta-adrenergic receptors on the cell membrane stimulate adenylate cyclase to produce cyclic AMP which subsequently activates the enzyme cascade with the eventual breakdown of intracellular triglyceride to glycerol and free fatty acids.
The pathway can be inhibited by various metabolite and hormonal signals, of which probably the most important are prostaglandins (directly inhibiting adenylate cyclase), adenosine and insulin (whose mechanism of action remains obscure). Since prostaglandins can be synthesized from arachidonic acid released by the action of triglyceride lipase, this may represent an example of end-product inhibition of the pathway.
Several defects have been identified in the adrenergic mechanisms regulating lipolysis (Galton et al. 1976 ; Enzi et al. 1977) . They give rise to abnormal storage of triglyceride in various regions of the body. We have reported a study of two children with abnormal deposits of adipose tissue. In both subjects, adipocytes SYMPOSIUM PROCEED I NG s were resistant to the lipolytic action of isoprenaline ( I O -~M ) . A similar abnormality of adrenergic-resistant adipocytes has been described by Enzi et al. (1977) in a group of ten adult subjects with abnormal deposits of adipose tissue around the neck and trunk. The abnormal adipocytes showed a complete lack of lipolytic response to catecholamines although they were still sensitive to dibutyryl cyclic AMP and theophylline. The results of Enzi et al. (1977) suggest that a metabolic defect located at a level preceding the formation of cyclic-AMP may be responsible for the lipolytic defect in these subjects.
Conclusions
The adipose cell is the major fuel cell of the body. The major metabolic pathways are lipogenesis from glucose and fatty acids derived from triglyceride-rich lipoproteins and lipolysis of storage triglyceride to fatty acids and glycerol. Glucose uptake for lipogenesis is regulated by insulin; and lipoprotein lipase for triglyceride-fatty acid uptake is regulated by insulin and by surface-bound peptides on lipoproteins (apo C-TI, apo C-111). The tissue mobilizes stored triglyceride as fatty acids and glycerol and this pathway is regulated by catecholamines. Insulin, prostaglandins and other metabolites (e.g. adenosine) may be inhibitory to the pathway. Three basic abnormalities of substrate flow can occur in adipose tissue. Defects occur in the adrenergic mechanisms regulating lipolysis to produce abnormal tissue storage of triglyceride. Defects occur in the VLDL pathway either at the regulation or activity of lipoprotein lipase contributing to some types of hypertriglyceridaemia. Finally the tissue can become resistant to the action of insulin regulating glucose transport or intracellular enzymic activities and these may be important determinants for the pathogenesis of adult diabetes.
